HU, a widely conserved bacterial histone-like protein, regulates many genes, including those involved in stress response and virulence. Whereas ample data are available on HU-DNA communication, the knowledge on how HU perceives a signal and transmit it to DNA remains limited. In this study, we identify HupB, the HU homolog of the human pathogen Mycobacterium tuberculosis, as a component of serine/threonine protein kinase (STPK) signaling. HupB is extracted in its native state from the exponentially growing cells of M. tuberculosis H 37 Ra and is shown to be phosphorylated on both serine and threonine residues. The STPKs capable of modifying HupB are determined in vitro and the residues modified by the STPKs are identified for both in vivo and the in vitro proteins through mass spectrometry. Of the identified phosphosites, Thr 65 and Thr 74 in the DNA-embracing ␤-strand of the N-terminal domain of HupB (N-HupB) are shown to be crucial for its interaction with DNA. In addition, Arg 55 is also identified as an important residue for N-HupB-DNA interaction. N-HupB is shown to have a diminished interaction with DNA after phosphorylation. Furthermore, hupB is shown to be maximally expressed during the stationary phase in M. tuberculosis H 37 Ra, while HupB kinases were found to be constitutively expressed (PknE and PknF) or most abundant during the exponential phase (PknB). In conclusion, HupB, a DNA-binding protein, with an ability to modulate chromatin structure is proposed to work in a growth-phase-dependent manner through its phosphorylation carried out by the mycobacterial STPKs.
H istone-like proteins (Hlps) are small and basic bacterial proteins involved in maintaining DNA architecture and regulating DNA transactions (1) (2) (3) . Various Hlps (HU, H-NS, IHF, Dps, Fis, etc.) carry out wrapping, bridging, and bending of the bacterial DNA, resulting in its compaction or topological rearrangement (4) (5) (6) (7) . Initial studies on HU, an archetypical Hlp, showed that it displayed similarities with the eukaryotic histones in its physiochemical properties and also in its ability to induce topological changes such as supercoiling (8, 9) . HU and other Hlps, however, share marginal similarities with the eukaryotic histones at the sequence or the structural level (10) . These proteins therefore are now more appropriately termed nucleoid-associated proteins (NAPs), a designation primarily reflecting their localization (10) .
Most NAPs display broad specificity toward DNA and can thus have a global effect on gene transcription (10, 11) . This is achieved by their ability to maneuver the level of DNA compaction and topology. However, all NAPs do not share a mode of action. Although some act as DNA-bridging molecules (H-NS, MukB, and Lrp), others produce DNA bends (IHF, HU, and Fis) (5, 6) . The expression of some of the NAPs also varies with the bacterial growth phase. This in turn guarantees that the nucleoid is modulated as a function of the bacterial growth phase (12, 13) .
Apart from working as global regulators, NAPs such as HU also work locally by interacting with other elements of the transcription machinery in the formation of higher order nucleoprotein structures (11, 14) . The extent of influence HU exerts on gene expression has been determined for various pathogenic and nonpathogenic bacteria (15) (16) (17) . In Escherichia coli, HU regulates as many as 8% of the genes with many involved in bacterial adaptation to the environmental shifts and stress response (16) . The success of many pathogens is also attributed to the ability of HU to manipulate the expression of genes involved in metabolism and virulence (15, 17) . In Mycobacterium sp., the homolog of HU (Mhlp) is implicated in bacterial adaptation to stress conditions, possibly by the inhibition of cellular metabolism and reduction of bacterial growth rate through nucleoid reorganization (18) (19) (20) (21) . Various studies have reported the accumulation of M-hlp in growth-retarded phases, which is suggestive of a crucial role played by M-hlp in mycobacterial survival during dormancy (19, 22) . The accumulation of M-hlp is achieved, in part, by the posttranslational modifications such as methylation, conferring resistance to proteolysis (23) .
While HU-DNA communication has been extensively reported, studies on the signaling pathways that lead to a posttranslational modification on the protein remain limited in number (24) (25) (26) . Even in eukaryotes, the identification of the cellular role of histone phosphorylation has been a subject of active investigation in recent years (27) .
In this report we identify the NAP of Mycobacterium tubercu-losis, HupB, as a bona fide substrate of serine/threonine protein kinases (STPKs). The identification of HupB as the target of the STPKs indicates that the NAP acts in alliance with the signal transduction machinery to perceive the exogenous cues and carry out necessary physiological changes essential for cellular survival.
MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli strain DH5␣ (Novagen) was used for cloning, and E. coli strain BL21 (Stratagene) was used for the expression of recombinant proteins. E. coli cells were grown and maintained with constant shaking (220 rpm) at 37°C in Luria-Bertani (LB) medium supplemented with 100 g of ampicillin/ml, when needed. M. tuberculosis H 37 Ra, cells were maintained in Middlebrook 7H9 broth containing 10% albumin-dextrose-catalase (Difco Middlebrook) and 0.05% Tween 80. Cloning, expression, and purification of HupB, HupB mutants, and STPKs. The hupB gene (Rv2986c) and its fragment coding for N-HupB (N-terminal domain from residues 1 to 108) were PCR amplified using M. tuberculosis genomic DNA as a template and forward and reverse primers (Table 1) , containing BamHI and EcoRI restriction sites, respectively. The amplified products were digested with restriction enzymes BamHI and EcoRI and ligated into vector pGEX-5X-3 (GE Healthcare Bio-Sciences), previously digested with the same enzymes to yield plasmids pGEX-hupB and pGEX-N-hupB. The pGEX-hupB construct was utilized for generating S163A mutation and pGEX-N-hupB for generating T43A, T45A, T65A, T68A, T74A, R55E, and R55Q mutations. The PknEK45M mutant was generated using pGEX-pknE. pGEX-hupB, pGEX-N-hupB, and pGEX-pknE plasmids were subjected to site-directed mutagenesis using a QuikChange XL site-directed mutagenesis kit (Stratagene) and primer pairs carrying the desired mutations ( Table 1 ). The plasmids thus generated are listed in ( Table 2 ). The integrity of the constructs was confirmed by DNA sequencing (TCGA, New Delhi, India). E. coli BL21 cells were transformed with pGEX-5X-3 vector derivatives expressing HupB, N-HupB, HupB, S163A, N-HupB T43A, N-HupB T45A, N-HupB T65A, N-HupB T68A, N-HupB T74A, N-HupB R55E, and N-HupB R55Q. For overexpression, recombinant E. coli strains harboring the pGEX-5X-3 derivatives were used to inoculate 1,000 ml of LB medium supplemented with ampicillin, followed by incubation at 37°C with shaking (220 rpm) until the optical density at 600 nm (OD 600 ) reached 0.4. IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to a final concentration of 1 mM, and growth was continued for an additional 1 h at 37°C. Growth for an extended period resulted in the degradation of the recombinant proteins. Cells were harvested and stored at Ϫ80°C. Pellets were thawed on ice and resuspended in cell lysis buffer A ( (28), PknE, PknF, PknG, PknH, PknI, PknE carrying the mutation K45M (PknEK45M), and His 6 -tagged PknB were purified according to the protocols described previously (29) .
In vitro kinase assay. In vitro kinase assays were performed with 1 to 2 g of kinase or the kinase-inactive mutant. The kinases and kinase-inactive mutant were added, separately, in 15 l of kinase buffer (20 mM PIPES [pH 7.2], 5 mM MgCl 2 , 5 mM MnCl 2 ) with 2 to 4 g of the desired GST-tagged recombinant protein. Reactions were started with the addition of 2 Ci of [␥-32 P]ATP (BRIT, Hyderabad, India) and were incubated at 25°C for 20 min. The reaction with PknE and PknEK45M as the kinase was performed in the reaction buffer (25 mM Tris [pH 7.0], 1 mM DTT, 5 mM MgCl 2 , 1 mM EDTA) at 25°C for 20 min. The reactions were terminated by the addition of 5ϫ SDS sample buffer, followed by boiling for 5 min. Samples were resolved by using SDS-12% PAGE. Gels were dried and visualized using a FLA-2000 PhosphorImager (Fuji).
Phosphoamino acid analysis. For phosphoamino acid analysis, N-HupB was phosphorylated by PknE, PknF, and PknB, and the recombinant tag was removed by the addition of factor Xa protease (Novagen) after the kinase reaction, followed by an additional incubation for various time points at 20°C. The reactions were stopped by using 5ϫ SDS buffer, and the reaction mixture with the cleaved protein was separated by SDS-PAGE and electroblotted onto an Immobilon polyvinylidene difluoride (PVDF) membrane (Millipore). The phosphorylated and cleaved N-HupB was detected by autoradiography, and the bands corresponding to the 32 P-labeled cleaved N-HupB were excised and hydrolyzed in 6 M HCl for 1 h at 110°C. The hydrolyzed samples containing liberated phosphoamino acids were lyophilized and redissolved for phosphoamino acid analysis as described earlier (30) .
Phosphorylation site identification. For phosphorylation site identification, 2 g of N-HupB was incubated with PknE in the presence of 50 M cold ATP at 25°C for 20 min in the reaction buffer containing 25 mM Tris [pH 7.0], 1 mM DTT, 5 mM MgCl 2 , and 1 mM EDTA. Further, sample preparation was performed as described earlier (31) . Briefly, the protein samples were processed by either in-gel or in-solution digestion with trypsin or ArgC. The resulting peptides were loaded directly or after phosphopeptide enrichment on reversed-phase C18 StageTips. The (phospho)peptide mixtures were analyzed using an Easy nLC Nanoflow HPLC system (Proxeon Biosystems, Odense, Denmark [now Thermo Fisher Scientific]) coupled via a nanoelectrospray ion source (Proxeon Biosystems) to an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). The raw mass spectrometric data were processed and analyzed using MaxQuant software (v1.2.0.17). Electrophoretic mobility shift assay (EMSA). For the protein-DNA binding assay, Rv0884c promoter region (207bp) was end labeled with [␥-32 P]ATP using T4 polynucleotide kinase (10 U/20-l reaction) in accordance with the manufacturer's instructions (Roche). The labeled probe was incubated with various concentrations of N-HupB (10 to 100 M), and the mutants of N-HupB at room temperature for 30 min in the buffer containing 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 50 g of bovine serum albumin (BSA)/ml, 1 mM DTT, 1 mM EDTA, and 5% glycerol in a total volume of 10 l. The formed complex and free DNA were resolved using 5% nondenaturing polyacrylamide gels in running buffer (0.5ϫ Tris-borate-EDTA). Gels were dried and subjected to autoradiography. To determine the effect of phosphorylation on the DNAbinding ability of N-HupB, the domain was incubated with PknE for 20 min in the presence of cold ATP and assayed with labeled DNA probe as mentioned above. The primers used for amplification of the DNA fragments used in EMSAs are listed in Table 1 .
Immunoaffinity purification of endogenous HupB protein from M. tuberculosis H 37 Ra. For immunoaffinity purification of endogenous HupB from M. tuberculosis H 37 Ra, the cells were grown till mid-log phase in Middlebrook 7H9 broth containing 10% ADC and 0.05% Tween 80. The cells were harvested and resuspended in phosphate-buffered saline (PBS) containing 5% glycerol, followed by lysis using a French press. The lysate was centrifuged at 13,000 rpm for 20 min, and the supernatant thus obtained was filtered and loaded onto an anti-HupB immunoaffinity column. The immunoaffinity column was prepared as described previously (32) with minor modifications. Briefly, polyclonal anti-HupB antibody, raised in mice, was affinity purified using HupB-coupled cyanogen bromide-activated Sepharose. Purified anti-HupB antibody was covalently linked to protein A-Sepharose (1 ml) using 20 mM dimethyl pimelimidate. The coupled matrix was regenerated with 10 mM glycine-HCl (pH 2.8) and equilibrated with PBS. Binding of the endogenous HupB in the filtered supernatant to antibody-coupled beads was carried out in PBSN (PBS containing 1% Nonidet P-40). The column was washed with 10 column volumes of PBSN, followed by 10 column volumes of PBS. Bound HupB was eluted with buffer containing 0.1 M glycine-HCl (pH 2.8) and 500 mM NaCl. The protein containing fractions were immediately neutralized with 50 mM Tris-HCl (pH 8.0) and dialyzed against storage buffer (10 mM Tris-HCl, 50 mM KCl, 5% glycerol). For Western blot analysis, 1.5 g of the purified endogenous HupB was resolved using SDS-15% PAGE with positive and negative controls when required and probed against anti-HupB or anti-phosphothreonine/serine antibodies according to the protocol described below.
Immunoblotting. To determine the phosphorylation status of the purified endogenous HupB by Western blot analysis, HupB was resolved by SDS-PAGE, along with positive control (RAW cell lysate) and negative control (KpnI), and transferred onto nitrocellulose membrane (Bio-Rad). This study pGEX-5X-3_HupB_S163A pGEX-5X-3 derivative used to purify GST-tagged HupB carrying the S163A mutation (S163A)
This study pGEX-5X-3_pknI pGEX-5X-3 derivative used to purify GST-tagged PknI (PknI) This study pGEX-5X-3_pknF pGEX-5X-3 derivative used to purify GST-tagged PknF (PknF) 47 pGEX-5X-3_pknG pGEX-5X-3 derivative used to purify GST-tagged PknG (PknG) 50 pGEX-5X-3_pknE pGEX-5X-3 derivative used to purify GST-tagged PknE (PknE) 28 pGEX-5X-3_pknH pGEX-5X-3 derivative used to purify GST-tagged PknH catalytic domain (PknH cat ) 28
ProExHTc_pknE_K45M pGEX-5X-3 derivative used to purify GST-tagged PknE carrying the K45M mutation (PknEK45M)
This study pProExHTc_pknB pProExHTc derivative used to purify His 6 -tagged PknB (PknB) 29 pProExHTc_pknA cat pProExHTc derivative used to purify His 6 -tagged PknA catalytic domain (PknA cat ) 28 a The name of purified proteins used in the study are indicated in parentheses after the vector description.
After overnight blocking of the membrane with 3% BSA in PBST (PBS [pH 7.2], 0.1% Tween 20), the blots were incubated with antibodies directed against phosphoserine or phosphothreonine (Invitrogen) dissolved in PBST at a 1:10,000 dilution for 1 h at room temperature. After five washes with PSBT, the blots were incubated for 1 h at room temperature with anti-rabbit horseradish peroxidase-conjugated polyclonal antibody dissolved in PBST at a 1:10,000 dilution. The blots were developed after five washes with PBST using an ECL Plus kit (GE Healthcare Bio-Sciences) according to the manufacturer's instructions. A similar protocol was followed for the determination of HupB levels in lysates of M. tuberculosis H 37 Ra obtained from different growth stages. Anti-HupB antibody was used as the primary antibody at a dilution of 1:10,000, and anti-mouse antibody was used as the secondary antibody at a dilution of 1:10,000. Quantitative RT-PCR. For quantitative reverse transcription-PCR (RT-PCR), an M. tuberculosis H 37 Ra culture was grown to different growth stages: early log phase (OD 600 ϭ 0.4), mid-log phase (OD 600 ϭ 0.8), late log phase (OD 600 ϭ 1.5), and stationary phase (OD 600 ϭ 2.5). RNA was extracted using TRIzol reagent (Invitrogen Corp., Carlsbad, CA), followed by DNase I treatment using an Ambion DNA-free kit (Invitrogen). First-strand cDNA synthesis was carried out using random primers and Superscript III reverse transcriptase (Invitrogen). The cDNA thus synthesized was used in an RT-PCR supplemented with specific primer pairs (hupB, pknE, pknF, or pknB as listed in Table 1 ). The data obtained were analyzed using the ⌬⌬C T method, and the transcript levels were normalized to that of the housekeeping gene sigA. The mRNA levels are an average of two biological replicates.
RESULTS
HupB domain organization and genomic conservation. The histone-like protein, HU, is a small DNA-binding protein of ca. 9 to 10 kDa. HU exists as a dimer composed of a largely ␣-helical "body" with two protruding ␤-ribbon "arms" (33) . The ␤-ribbon arms intercalate with DNA to induce a bend resulting in DNA compaction (33) . The HU homologs in Mycobacterium sp. and some other members of actinomycetes show unusual two-domain architecture. The N-terminal domain displays an atypical HU fold, and the C-terminal extension shows the presence of eukaryotic histone H1-like tetrapeptide repeats (AKKA) (34, 35) . The presence of histone H1-like repeats is the reason these proteins are described as "histone-like" (10) . Figure 1A shows the residues critical for the interaction of Hlps with DNA and their conservation in HupB (34, (36) (37) (38) . The tetrapeptide repeats (AKKA) similar to eukaryotic histone H1 are also marked (Fig. 1B) .
Endogenous HupB from the avirulent strain of M. tuberculosis, H 37 Ra, is phosphorylated on threonine and serine residues. In eukaryotes, histones have long been identified as targets of the serine/threonine/tyrosine protein kinases (27) . Hence, we set out to determine whether prokaryotic STPKs also identify HupB as their target. To determine this, endogenous HupB from the exponentially growing cells of M. tuberculosis H 37 Ra strain was immunoaffinity purified using polyclonal anti-HupB antibody as described in Materials and Methods. Notably, HupB of H 37 Ra, an attenuated strain of H 37 Rv, displays 100% similarity with its ortholog in H 37 Rv (see Fig. S1 in the supplemental material). That the protein purified from H 37 Ra corresponded to HupB was ascertained by Western blot analysis with anti-HupB antibody ( Fig. 2A) . Of note, HupB and its orthologs purified from various mycobacterial species have been reported to migrate around ϳ30 kDa owing to the highly basic nature of the protein, resulting in aberrant migration during electrophoresis (34, 35, 39) .
The purified protein was analyzed for its phosphorylation status with anti-phosphothreonine/serine antibody. As shown in Fig. 2B and C, endogenous HupB was found to be phosphorylated on both threonine and serine residues. These results indicated that HupB was either autophosphorylated or was a target of the STPKs in vivo.
HupB is phosphorylated by STPKs in vitro. To determine whether HupB was modified on serine and threonine residues as a result of autophosphorylation or phosphotransfer by the STPKs, HupB was purified as a recombinant GST-tagged full-length protein and incubated with [␥-32 P]ATP with or without STPKs. As shown in Fig. 3A , panel I, GST-HupB failed to label itself when incubated with [␥-32 P]ATP. However, when incubated in the presence of the STPKs (PknE, PknF, and PknB), GST-HupB was efficiently labeled, indicating that the mycobacterial histone-like protein was indeed targeted by the STPKs (Fig. 3A , panels II, III, and IV). However, the levels of phosphotransfer by the kinases, added in equimolar concentrations, varied (PknE Ͼ PknF Ͼ PknB). Faint phosphotransfer was observed on HupB when PknA and PknH were used as the kinases, whereas PknG and PknI completely failed to phosphorylate HupB (data not shown). To ascertain that the observed phosphotransfer on HupB was carried out by the purified mycobacterial kinase and not by a contaminating E. coli protein, a kinase-inactive mutant of PknE, PknEK45M, was generated and used as a control. As seen in Fig. 3B , when HupB was incubated with PknEK45M, no phosphotransfer was ob-served. This result showed that the modification on HupB was PknE specific.
Further, since HupB protein was purified with a recombinant GST tag, GST alone was used as control to ensure that the observed phosphorylation was on HupB protein and not on the recombinant tag (Fig. 3B, lane 1) . Taken together, these results showed that the observed phosphorylation on HupB was a result of phosphotransfer by the STPKs.
Identification of the phosphorylation site(s) in HupB.
To identify the sites targeted by the STPKs, immunoaffinity-purified endogenous HupB from M. tuberculosis H 37 Ra was subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Since HupB is composed of a large number of lysine and arginine residues, it was prone to degradation and also showed high susceptibility to the proteases used for digestion during MS analysis. After multiple attempts, only a singly phosphorylated peptide was obtained from the endogenous phosphorylated protein. The peptide comprised two phosphorylatable residues (Thr 43 and Thr 45 ), one of which represented the potential phosphosite. However, the exact residue on which phosphorylation occurred could not be defined based on fragmentation spectra. No phosphosites could be mapped on the C-terminal domain due to excessive cleavage with the proteases used and hence a limited peptide coverage. Since the endogenous protein was shown to be phosphorylated on serine residues also ( Fig. 4) , the presence of other residues modified by the STPK cannot be ruled out. C-terminal domain and the presence of the C-terminal repeats resulted in the degradation of full-length protein during purification (40, 41) , further studies were conducted on the prokaryotic HU-like N-terminal domain (N-HupB, amino acids 1 to 108). N-HupB was cloned, expressed, and purified as a GST-tagged protein. Purified recombinant GST-N-HupB was less susceptible to degradation than was the full-length GST-HupB (data not shown). As for full-length HupB, N-HupB was assayed with various kinases and was shown to be phosphorylated by PknE, PknB, and PknF, with PknE displaying the most efficient phosphotransfer (Fig. 5A) . The PknE phosphorylated GST-N-HupB was subjected to LC-MS/MS for identification of the phosphorylation sites. However, in N-HupB multiple sites were found to be phosphorylated (Thr 11 , Thr 22 , Thr 31 , Thr 43 , Thr 45 , Thr 65 , Thr 68 , Thr 74 , Ser 75 , and Ser 90 ). The presence of multiple phosphorylation sites on the N-terminal domain can partially be attributed to the availability of the residues in the absence of C-terminal domain. Also, going by the analogy with the eukaryotic histones known to be phosphorylated at multiple residues (27) , the presence of multiple phosphorylation sites in prokaryotic histone-like protein HupB cannot be ruled out.
Identification of phosphorylation site(s) in the N-terminal domain of HupB. Since phosphosites could not be mapped on the
Since one of the residues, i.e., Thr 43 or Thr 45 , was found to be phosphorylated on the native protein and also on the in vitrophosphorylated N-HupB, these residues were individually mutagenized to alanine (GST-N-HupB-T43A and GST-N-HupB-T45A). However, no major loss of phosphorylation was observed on any of the mutants (Fig. 5B ). This was apparently due to the presence of other phosphorylatable serine and threonine residues present in N-HupB, as shown previously (data not shown).
Further, among the identified phosphosites the phospholabel was shown to be localized primarily on the threonine residues as shown by two-dimensional thin-layer electrophoresis experiments. Moreover, as with PknE, PknF and PknB preferred threonine over serine for phosphorylation (Fig. 5C ). In conclusion, the N-HupB kinases followed a similar phosphorylation pattern on N-HupB, with threonine as the preferred phosphorylated amino acid.
Residues critical for N-HupB-DNA interaction.
To determine the residues critical for N-HupB interaction, the activity of the purified GST-N-HupB was first subjected to an EMSA. The EMSA was carried out with increasing concentrations of N-HupB (10 to 100 nM) and the promoter region of the Rv0884c gene. Notably, M. tuberculosis HupB and a shorter version of its N-terminal domain (1 to 95 amino acids [aa]) have been previously reported to interact with various forms of DNA in a non-sequence-specific manner (42, 43) . Hence, the DNA probe used in the present study was selected randomly and was the promoter region previously shown to be targeted by cyclic AMP receptor protein (CRP) (44) . As shown in Fig. 6A . GST-N-HupB showed efficient interaction with double-stranded DNA (dsDNA) and with a higher affinity than previously reported (42) . The promoter region of the Rv1230c gene, another member of CRP regulon, also displayed a similar binding affinity with HupB (data not shown).
Next, of the identified phosphosites, Thr 65 , Thr 68 , and Thr 74 positioned in the DNA interchalating ␤-arm (45) were mutagenized to alanine to elucidate their role in the interaction with DNA, if any. The residue corresponding to Thr 65 of HupB has been shown to be located in the bend of the ␤-ribbon arm in Bacillus stearothermophilus (46) and the residues corresponding to Thr 68 and Thr 74 in the return arm of the ␤-ribbon. Of the three residues, Thr 65 and Thr 74 showed conservation or conservative substitution to serine in HupB homologs in actinomycetes (see Fig. S2 in the supplemental material). Thr 65 was found to be conserved not only in HupB homologs in actinomycetes but also in HU homologs across various species in the bacterial kingdom (data not shown). Interestingly, the mutation of Thr 65 and Thr 74 compromised the DNA-binding ability of N-HupB, whereas the mutation of Thr 68 to alanine showed no effect (Fig. 6B) . These results showed that the conserved Thr 65 and Thr 74 situated at the strategic location are crucial for the DNA-binding ability of N-HupB. These residues were, however, not the primary phosphosites since their mutation did not result in an apparent loss of phospholabeling by PknE (Fig. 6C ).
In addition, Arg 55 was also identified as a residue critical for N-HupB-DNA interaction. Arg 55 of B. stearothermophilus histone-like protein (HUBst) has been reported to mediate the interaction of its ␤-arm with DNA by forming electrostatic contacts with the negatively charged DNA (38) . In multiple sequence alignment of various prokaryotic Hlps, Arg 55 was indeed found to be one of the highly conserved residues (see Fig. S3 in the supplemental material). Arg 55 was thus mutagenized to negatively charged amino acid Glu (R55E) or neutral amino acid Gln (R55Q) and, using EMSA, we demonstrated that the complex was lost when Arg 55 was replaced with either Glu (R55E) or Gln (R55Q) (Fig.  6D ). Hence, Arg 55 seemingly plays a common role in HU-DNA interaction across various species. Interestingly, when the N-HupB Arg 55 mutants Glu(R55E) or Gln(R55Q) were assayed with HupB kinases, a loss in phosphorylation on the mutants was observed ( Fig. 6E ). This result raises the possibility that the N-HupB ␤ arm is involved in the interaction of the domain with the kinases as well.
Phosphorylation negatively regulates the DNA-binding ability of N-HupB. Since N-HupB was found to be phosphorylated by the STPKs and has been shown to interact with DNA, it was pertinent to believe that the posttranslational modification would act as an important determinant for the regulation of its DNA-binding ability.
The effect of phosphorylation on the DNA-binding ability of N-HupB was determined. EMSA was performed at lower HupB concentrations (20 nM) to avoid the formation of aggregates. Then, 20 nM N-HupB was incubated with PknE in the presence of cold ATP, prior to its interaction with DNA. The phosphorylated protein was then incubated with 32 P-labeled DNA probe. Reactions carried out in the absence of PknE or cold ATP was included as the controls. As shown in Fig. 7 , compared to the unphosphorylated N-HupB, the phosphorylated N-HupB showed a significant decrease in its ability to form a complex with the labeled DNA. That the added N-HupB was phosphorylated by PknE was ascertained by Western blotting with anti-phosphothreonine antibody (data not shown). Therefore, the phosphorylation of the N-terminal domain by PknE resulted in the negative regulation of its DNA-binding ability.
Growth phase-dependent expression of hupB and pknE, pknF, and pknB kinases. It has been shown that the pknB kinase, one of the identified HupB kinases, is maximally expressed during the exponential phase (47) . Also, the HupB homologs from M. bovis and M. smegmatis have been shown to be upregulated and/or accumulated during the stationary phase of bacterial growth at the protein level (19, 21, 22) . The data available for different strains indicate that the levels of HupB and at least one of the HupB kinases (the pknB kinase) reach a maximum at different stages of growth.
To validate this and to have a systematic view on the levels of hupB and HupB kinases at different stages of the bacterial growth cycle, quantitative RT-PCR was performed on the RNA samples prepared from in vitro grown M. tuberculosis H 37 Ra cultures. As shown in Fig. 8A , the expression levels of hupB declined in the exponential phase and then showed a steady increase, peaking toward the stationary phase. Among the kinases, the mRNA levels of pknB steadily declined from the exponential phase to the stationary phase (Fig. 8C ). The levels of pknE and pknF mRNA remained relatively constant throughout the bacterial growth cycle ( Fig. 8D and E, respectively) . In addition, the changes in hupB mRNA levels were also shown to correlate with the levels of HupB protein. The cell lysates prepared from different stages were subjected to Western blotting with anti-HupB antibody. As seen in Fig. 8B , the intracellular concentration of HupB increased steadily peaking at the stationary phase, a result in agreement with data obtained from quantitative RT-PCR analysis.
DISCUSSION
In this study, we show that the endogenous M. tuberculosis histone-like protein HupB is phosphorylated on serine and threo-nine residues in vivo and is a bona fide substrate of the STPKs. This is the first report in which a mycobacterial nucleoid associated protein has been shown to be targeted by the kinases and the first to describe the effect of the phosphorylation determined on its DNA-binding ability. Even in other bacterial species, the concept of kinase-mediated regulation of nucleoid-associated proteins (NAPs) is relatively new, with only a few reports validating the same (24) (25) (26) . Since NAPs can modulate the expression of a large number of genes (15) (16) (17) , the phosphorylation-related changes in their activity can serve as a tool for bacterium to transmit the environmental cue to a large number of genes and bring about adaptive changes.
Our results showed that the endogenous HupB extracted from the exponentially growing cells of M. tuberculosis H 37 Ra was phosphorylated on both serine and threonine residues. These results were in line with the data available on eukaryotic histones known to be phosphorylated on serine and threonine residues. Interestingly, the HupB C-terminal domain showed the presence of a motif ( 159 KATKSPAK 166 ) similar to the one in histone H1. 5 ( 184 KATKSPAK 191 ). The motif has been shown to be phosphorylated by cyclin-dependent kinases (48) . Mutation of Ser 163 to Ala 163 in the full-length GST-HupB, however, did not result in a detectable decrease in the phosphorylation signal on the protein (data not shown). Hence, Ser 163 may not represent a genuine phosphorylation site in the mycobacterial HupB or, alternatively, the presence of multiple phosphorylation sites may have masked the effect produced by the mutation.
In vitro-expressed and -purified GST-HupB was shown to be phosphorylated by the STPKs PknE, PknF, and PknB. PknE displayed maximal phosphorylation on GST-HupB. The site marked by the kinases on endogenous HupB was identified and was situated on a singly phosphorylated peptide in the N-terminal domain comprising of two phosphorylatable residues Thr 43 and Thr 45 . However, no phosphosites could be mapped on the C-terminal domain of HupB. The C-terminal domain (aa 108 to 214) which has a high content of Lys (32.1%) and Arg (5.7%) residues showed high susceptibility to proteases, resulting in low peptide coverage. Recently, Jang et al. reported the phosphorylation of numerous peptides by an M. tuberculosis STPK, PknJ, identified on the basis of its similarity to the consensus sequence derived from the autophosphorylation sites targeted by the kinase (49) . Thr 43 and Thr 45 residues in the peptide sequence derived from HupB (DSVTI TGF) were proposed to be the putative target sites of the STPK. Although the prediction of substrates on the basis of phosphorylation of a peptide is highly speculative in nature, our results are in agreement with the results obtained by Jang et al.
Since we could not locate the phosphorylation sites on the C-terminal domain and the presence of the C-terminal domain rendered the protein highly susceptible to proteolytic degradation (data not shown), further studies were carried out on the N-terminal domain.
HupB is a 214-aa protein, and residues 1 to 90 show homology to the prokaryotic histone-like proteins (34, 40) . It has been shown that the residues following the conventional HU fold are required for an efficient interaction of HU and HU-like proteins with DNA (40). These residues have been proposed to form an ␣-helix which is required for a stable interaction of the interchalating ␤-arms with DNA. Therefore, the N-terminal domain construct (1 to 108 aa) used in the present study was generated with the region encompassing these residues ending just before the first C-terminal domain repeat. Previously, the N-terminal domain (1 to 95 aa) has been shown to interact with DNA, albeit at a lower efficiency compared to the full-length HupB, leading to speculation that the C-terminal domain acts as a DNA clasp (43) . We, however, observed that the N-terminal domain (1 to 108 aa) used in the present study demonstrated a higher affinity to dsDNA compared to a shorter fragment of the N-terminal domain (1 to 95 aa) used previously (42) . This could partially be attributed to the length of the N-terminal domain and shows that the residues beyond the HU fold may be critical for N-HupB-DNA interaction.
Furthermore, there have been no reports on the identification of the residues that play an important role in the interaction of this domain with DNA. We showed here that the interaction of the N-terminal domain with DNA was indeed dependent on the conserved residue (Arg 55 ), previously shown to be critical for the DNA-binding activity of HU homolog in B. stearothermophilus. In HUBst, of the four arginine residues in the ␤ arm (Arg53, Arg55, Arg58, and Arg61), Arg55 had previously been identified as the most essential amino acid required for maintaining the contact with DNA once the HU-DNA complex had formed (38) . The positively charged surface-exposed residues on the ␤-arm forms salt bridges with the phosphate backbone of DNA (33, 38) . Our results also established that the conserved residues Thr 65 and Thr 74 are crucial for the N-HupB-DNA interaction.
The phosphorylation of N-HupB resulted in the inhibition of the DNA-binding activity of the domain. We further conducted quantitative RT-PCR analysis to estimate the relative mRNA abundance of the kinases and hupB at different stages of mycobacterial growth. The expression of the kinases either remained similar (pknE and pknF) or decreased significantly (pknB) at the stationary phase. However, the levels of hupB reached a maximum during the stationary phase.
Given the role of HupB and its homologs in nucleoid condensation, these results lead us to suggest that the phosphorylation of HupB during the exponential phase by the HupB kinases would limit its interaction with DNA and, as the bacteria transitions into the stationary phase, the abundant nonphosphorylated form of HupB capable of interacting with the genome would bring about its compaction and condensation.
